Resistance spot welding (RSW) is a fabrication process that is being used in the automobile and aerospace industry since many years for joining low carbon or "mild" steel. Quality and strength of the welds depend upon the process parameters of RSW. The most effective parameters in this process are: current intensity, welding time, sheet thickness and material, geometry of electrodes, electrode force, and current shunting. This paper presents the experimental investigations for the optimization of tensile shear stress of RSW for stainless steel grade 316L sheets by using Taguchi method. The experiments were conducted using Taguchi's L27 orthogonal array under varying process parameters, namely electrode diameter, welding current, and heating time. The experimental data were analyzed using signal-to-noise ratio (S/N ratio) to find the optimal process parameters. Analysis of variance (ANOVA) and F test were used to find the most significant parameters affecting the spot weld quality characteristics. Confirmation tests with optimal process parameters were conducted to validate the test results. From the results, it was found that it is possible to increase tensile shear stress significantly.
Introduction
Resistance spot welding is a resistance welding process in which coalescence of metal is produced at the faying surface by the heat generated at the joint because of contact resistance to the flow of electric current. Force is always applied before, during, and after the application of current to prevent arcing at the faying surfaces and to forge *Corresponding Author: P. Muthu: Department of Mechanical Engineering, University College of Engineering, Ramanathapuram 623513, Tamil Nadu, India the weld metal during post heating. The process is used extensively for joining low and mild carbon steel sheet metal components for automobiles, cabinets, furniture, and similar products. Stainless steel, aluminum, and copper alloys are also spot welded commercially [1] . It is a high-speed process, in which the actual welding time is but a fraction of a second. The speeds of the process, the ease of operation, and its adaptability to automation are its major advantages. Major factors controlling this process are current, time, electrode force, electrode diameter, contact resistance and property of electrode material, sheet materials, surface conditions, and so on. Quality of the weld is determined by the size of the weld nugget and joint strength. The size of the weld nugget and joint strength depends upon the selection of the welding process parameters. Normally, the welding process parameters are selected based on experience or from handbooks. However, it does not ensure that the selected welding process parameters can produce an optimal strength of the weld.
Literature Survey
In order to increase the strength of products, many researchers have studied RSW process by experimental and numerical techniques. Eisazadeh et al. [2] developed an incremental finite element model for the parametric study of nugget size in resistance spot welding process. They used the published experimental data to verify their model, and investigated the effects of contact resistance and electrode force on nugget size and shape. They found that with increasing electrode force, nugget size reduces due to decreasing contact resistance. Thakur et al. [3] presented a systematic approach to determine the effect of process parameters on tensile shear strength of RSW of austenitic stainless steel AISI 304 using the Taguchi method. Luo et al. [4] developed a mathematical model by using nonlinear multiple regression analysis and artificial neural network (ANN) approach for predicting the nugget diameter and tensile shear strength of galvanized steel. According to the prediction model, the predicted systems of welding process parameters were formulated in order to obtain the desired welding quality. Esme [5] used the Taguchi method to investigate the optimization and effect of welding parameters on the tensile shear strength of spot welded SAE 1010 steel sheet. Correlations between the microstructure and the hardness in weld joints, and the relationship between hardness and strength have been established for engineering materials. The hardness of the material is dependent on its microstructure, as presented by Ming-Liang Zhu et al. [6] Shamsul et al. [7] studied the influence of welding current on nugget size and hardness distribution in the plates of austenitic stainless steel (AISI 304), which was placed as a lap joint and spot welded under varied welding current. The results have shown that increasing welding current increased the nugget size. The nugget size does not influence the hardness distribution. Also, increasing welding current does not increase the hardness distribution.
Feulvarch et al. [8, 9] presented a finite element formulation to measure the interface contact properties. It was shown that the calculated nugget appears earlier. It was also noticed that the nugget grows faster across the thickness. Hou et al. [10] developed a 2D axisymmetric thermoelastic-plastic FEM model using ANSYS software package. The objective of this study was to investigate the behavior of the mechanical features during the RSW process. They studied the distribution and change history of the contact pressure at both the faying surface and the electrodeworkpiece during welding. The deformation of the weldment and the electrode displacement due to the thermal expansion and contraction were also calculated. They observed that the electrode displacement has a direct correlation with the nugget formation and suggested utilizing this parameter for quality monitoring and process control in RSW.
Aslanlar et al. [11] have investigated the effects of welding time on the tensile-peel strength and tensile-shear strength of welding joints in electrical resistance spot welding. Danial Kianersi et al. [12] have presented an investigation on the optimizing welding parameters namely welding current and time in resistance spot welding (RSW) of the austenitic stainless steel sheets grade AISI 316L. Afterward, the effect of optimum welding parameters on the resistance spot welding properties and microstructure of AISI 316L austenitic stainless steel sheets has been investigated. Effect of welding current at constant welding time was considered on the weld properties such as weld nugget size, tensile-shear load bearing capacity of welded materials, failure modes, failure energy, ductility, and microstructure of weld nuggets.
Kachhoriya et al. [13] have used regression modeling to get the highest ultimate strength in the range in case of RSW of low carbon mild steel. Response surface methodology has been used for predicting the weld zone development for the resistance spot welding of low carbon steel of 1 mm thickness [14] . Hefin Rowlands et al. [15] presented the use of Taguchi's loss function analysis and RSM to a spot welding process in order to discover the key process parameters, which influence the tensile strength of welded joints. Zhou et al. [16] have done a computer simulation by using design of experiments (DOE) concept and quantitative relationships were established to link a weld's geometric and mechanical attributes to its strength under tensileshear loading.
In this work, an attempt has been made to optimize the process parameters, namely welding current, electrode diameter, and heating time to find out the ultimate tensile stress of stainless steel 316L using the Taguchi method. On the selected parameters, experiments have been conducted using L27 orthogonal array (OA) and optimum process parameters experiments were found out.
Experimental Procedure

Test Specimens
In this work, stainless steel 316L sheets of 1.6 mm thickness have been selected for the experimental work. The chemical composition and mechanical properties of 316L stainless steel material are given in Tables 1 and 2 .
The specimens were cut by means of wire cut EDM, parallel to the rolling action of the sheets. The dimensions are 300 mm length and 25 mm width, the overlap being equal to the width of the specimen and are shown in Figure 1. 
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Process Parameters
In this work, the three process parameters, viz., electrode diameter, welding current, and heating time, were selected. Their values at different levels are given in Table 3 . The output parameter predicting strength of weld joint is tensile shear stress. 
Selection of Orthogonal Array
According to the Taguchi method, a system with 3 parameters and 3 levels can be performed with 27 experiments [17] . In this work, L27 orthogonal array was employed for the experimentation.
Experimentation
The photograph of spot welded specimen for tensile test is shown in Figure 2 . The experimental data are given in Ta- . Based on the randomized OA, total 27 runs of experiments were conducted on the universal testing machine in the order from trial 1 to trial 27. Three responses were taken for each setting, and at the end of each trial, the average of the tensile-shear stress was calculated.
A signal-to-noise (S/N) ratio was calculated by using the average values of the measurements. The ultimate tensile shear stress of the welded structure is in the category of the larger-the-better quality features. The loss function of the larger-the-better quality feature is given by:
where "N" is the number of tests conducted and "y i " is the experimental value of the i th quality feature and η j is the S/N ratio. Using Eq. (1), S/N ratio for each experiment of L27 was calculated, as shown in Table 4 .
Analysis of Variance (ANOVA) and Discussion
The analysis of variance (ANOVA) of raw data and S/N data were performed to identify the significant parameters and to quantify their effect on the response characteristics. In the analysis, the sum of squares and variance were calculated. F-test value at 95% confidence level was used to decide the significant factors affecting the process, and the percentage contribution was calculated. Larger F-value indicates that the variation of the process parameter makes a big change on the performance. The ANOVA analysis for T-S stress is shown in Table 5 . The S/N ratio analysis of rank of various parameters is shown in Table 6 . Table 5 shows the percent contributions of welding parameters on the tensile stress. From Table 5 , it is evident that the most effective parameters with respect to tensile shear strength are electrode diameter, welding current, and heating time. Percent contribution indicates the relative power of a factor to reduce variation. 
Conclusions
This paper presented the investigation of the optimization and effect of welding parameters on the tensile strength of resistance spot welded AISI 301L stainless steel.
The following conclusions were drawn from the present investigation.
1. The response of S/N ratio with respect to tensile strength indicates the electrode diameter to be the most significant parameter that controls the tensile shear stress, whereas the welding current and heating time are comparatively less significant in this regard. 2. The percentage contribution of electrode diameter is 66.09%, welding current is 25.08%, heating time is 2.29%, and the residual error is 6.54%.
